This study investigates a cross-variable ozone data assimilation (DA) method based on an ensemble 10 Kalman filter (EnKF) that has been used in the companion study to improve ozone forecasts over 11
effects found in the RDA experiments. In the same tendency, NOx emission estimation was 23 improved in night and morning even under large biases in the prior emission, while deteriorated in 24 daytime (except for the case of minor errors in the prior emission). The mixed effects observed in the 25 cross-variable DA, i.e., positive DA impacts on NO 2 forecast over some urban sites, negative DA 26 impacts over the other urban sites and weak DA impacts over suburban sites, highlighted the 27 limitations of the EnKF under strong nonlinear relationships between chemical variables. Under 28 strong nonlinearity between daytime ozone concentrations and NOx emissions uncertainties (with 29 large biases in the a prior emission), the EnKF may come up with inefficient or wrong adjustment to 30
NOx emissions. The present findings reveal that bias correction is essential for the application of the 31 EnKF in dealing with the DA inconsistency over strong nonlinear system. 1
Introduction 2
Chemical data assimilation (CDA) integrates models and observations to better represent the Ensemble samples of the emissions, the vertical diffusion coefficients, the photolysis rates and 10 the O 3 concentrations were used to derive ensemble forecasts of ozone. In order to achieve 11 cross-variable adjustment for NOx emissions, an extended state variable was defined as: 12 
where ! is the mean of the ensemble samples of the extended state variable and N is the ensemble 20
size. 21
This algorithm treats the observations as random variables and perturbs them to prevent filter 22 divergence of the EnKF (Houtekamer and Mitchell, 1998) . When ozone observations are available, 23 they were perturbed according to the observation errors (Gaussian with mean zero and covariance R, 24 including both measurement errors and representativeness errors)： 25
As suggested by von Loon et al. (2000) , the observation errors were assumed to be within 10% of the 28 original observation value and uncorrelated in time and space. It is worth noting that some other 1 variants of the EnKF (e.g., the ensemble square root filter (EnSRF) proposed by Whitaker and Hamill, 2 2002) do not need the perturbations on observations but can also provide accurate analyses. 3
Then the ensemble samples of the extended variables from the ensemble forecasts could be 4 updated through assimilating the ozone observations: 5
where H represents a linear operator mapping the extended state variable from model space to 8 observational space, and K is the Kalman weight calculated based on the background error 9 covariance and the observation error covariance.
is the updated ensemble sample of the 10 extended state variable and was used for the sequential ozone forecast. The updating of the ensemble 11 ensembles of the extended variables was conducted one time every 1 hour (1h), and the updated NOx 12 emissions were then used for the NO 2 forecast of the next hour. The ensemble mean of U a (i) was 13 taken as the best estimation after assimilating observations and was used as the output analysis state from Thermo Scientific). The O 3 observations were assimilated hourly into the model to adjust NOx 1 emissions. The direct comparison between the simulated and observed NO 2 data often suffered from 2 the representativeness errors of the NO 2 measurements. In this study, the stations close to the main 3 roads with heavy traffic were not included in order to reduce the influence of the representativeness 4 errors of the NO 2 measurements. Nevertheless, under certain resolutions (9km for example), the 5 representativeness errors still persisted in NO 2 measurements over urban areas. In order to 6 independently validate the assimilation results, three of the observation stations were withdrawn from 7 the assimilation and were used for the validation. NO 2 observations not used in the assimilation were 8 also used to assess the impacts of the cross-variable assimilation on the NO 2 forecasts. 9
Results 10

Real data assimilation experiment 11
The real data assimilation (RDA) experiment assimilated the surface ozone observations over Beijing 12
and surrounding areas to adjust the NOx emissions over these areas in the NAQPMS. (1), (2) and (3) and were used to derive ensemble runs of NAQPMS. After 5h free 19 ensemble runs, the observed ozone data started at 00:00 LT on 9 August to be assimilated hourly into 20 the third model domain (displayed in Fig. 1 RMSEs before and after DA were statistically significant over 11 stations (TJ, BY, YF, IAP, CP, XH, 4 CZ, PEK, QHD, SJZ and TS) at the 95% level of the t-test, while there were no statistically 5 significant differences of the RMSEs before and after DA over 6 stations (XL, YuF, YJ, YLD, LF 6 and BD). The RMSEs of the NO 2 forecasts in the free run of the model were dominated by the biases 7 which accounted for 55~90% of the RMSEs (Bias/RMSE). Biases noticed in simulations performed 8 over urban sites are relatively larger than those over the suburban ones. The free model run 9 overestimated NO 2 concentrations at most of the urban stations, while underestimated it at most of 10 the suburban ones. The DA impacts on the NO 2 forecast varied substantially from the suburban to the 11 urban stations. At urban station such as BD, PEK, CZ, QHD, SJZ, and TS, the RMSEs were reduced 12 by 15%~36% after DA, resulting in improvement of NO 2 forecasts in contrast to large increases, 13 ranging from 56~239% of the RMSEs at CP, BY, IAP, YF and TJ. At the suburban sites, the DA 14 showed minor influence on NO 2 forecasts and had no statistically significant impacts on the RMSEs 15 over 5 of the 6 suburban sites. Such minor DA impacts over the suburban sites could be explained 16 firstly, by the fact that emission rates of NOx in the model were very low over suburban regions and 17 the simulation without DA significantly underestimated the NO 2 concentrations. Even with the 18 perturbations on the NOx emission, the ensemble spread was significantly weaker than the errors in 19 the real case, and thereby reduced the DA impacts of the EnKF. On the other hand, in regards to the 20 influences of the air pollutants transport from urban regions, observed negative DA impacts over 21 some urban areas may have induced significant errors into the NO 2 forecasts. The above results 22 suggest the adjustment of the NOx emission by the ozone data assimilation has a mixed effect on the 23 NO 2 forecast (i.e., weak DA impacts over suburban sites, positive DA impacts over some urban sites 24 and negative DA impacts over others). Nevertheless, the assimilation produced significant 25 improvement of ozone forecasts over all these sites, as reported by Tang et al. (2011) . 26
Further investigations were conducted on the variation of such mixed effects of the data 27 assimilation on NO 2 forecasts over both first week (from 00:00 LT 9 August to 00:00 LT 16 August 28 in 2008) and second week (from 00:00 LT 16 August to 00:00 LT 23 August in 2008). As a result, 29 the DA mixed effects were relatively stable during the Beijing Olympic Games. Figures 3 (a-c) display daily variation of the 1h NO 2 forecast RMSEs in RDA experiment and NonDA experiment 1 over the urban stations with positive DA impacts (CZ, PEK, QHD, SJZ, and TS), those with negative 2 DA impacts (BY, CP, IAP, TJ and YF) and the suburban stations (LF, XH, YLD, YJ and YuF with 3 weak DA impacts). At the suburban stations, the cross-variable DA also showed very weak impacts 4 on the NO 2 forecast in both the daytime and nighttime. At the urban stations with positive DA 5 impacts, the cross-variable assimilation presented consistent positive DA impacts in daytime, 6 nighttime and morning, with a 23% reduction of RMSEs during daytime and a 21% reduction in 7 night and morning. 8
At the urban sites with negative DA impacts, the performance of the DA was different between 9 daytime, nighttime and morning hours. Adjusting NOx emissions improves the forecasts of NO 2 10 concentrations during most of the night and the morning time by reducing 7% of the RMSEs in 11 contrast to the deterioration of the forecast in the daytime with 190% increase of the RMSEs. This 12 finding suggests that the impacts of the cross-variable assimilation on the NO 2 forecast during 13 daytime are opposite to those in night and morning at these urban sites. In clear, negative DA impacts 14 mainly occur in the daytime. Another phenomenon observed in Figs. 3(a-b) is that the errors in NO 2 forecasts with the free 21 model run in night and morning were much higher than those in daytime. This might due to the large 22 uncertainties in modeling of nighttime boundary layer over urban regions (Kleczek et al., 2014) . 23
Although the modeling of vertical diffusion was taken as a key uncertainty source in our data 24 assimilation, its uncertainty was not constrained by the data assimilation. Therefore, high errors still 25 subsisted in the nighttime NO 2 forecasts after data assimilation, as shown in Figs. 3(a-b) . 26
Ideal data assimilation experiment 27
An ideal experiment with a known true state provided a simple way to investigate the potential 28 consequences of some key inspected factors in a highly complex system. In order to investigate the 29 possible cause of observed mixed effects in RDA experiment, this study employed a simplified box 1 model including the main chemical processes of NAQPMS (Xiang et al., 2010) . Within conducted 2 ideal data assimilation (IDA) experiments, the true state of ozone concentrations and NOx emissions 3 were assumed to be known. The main purpose is to closely monitor the impacts of ozone chemistry 4 on the cross-variable assimilation method experimented in the RDA. However, this investigation did 5 not take into account complex transport processes and the removal processes were simulated by 6 multiplying the concentrations by removal coefficients. The experiments with the box model were 7 conducted on the IAP station where negative impact on NO 2 forecasts is observed in the RDA 8 experiment. Emission rates and meteorological parameters are from the inputs used by NAQPMS. 9
Firstly, the IDA experiments focused on the negative DA impacts on the daytime NO 2 forecasts. 10
The a priori emission rates from NAQPMS and their corresponding O 3 concentrations modeled with 11 the box model were assumed to be the true state and were used for validation of the optimized In the third scenario (S3) with NOx emissions underestimated by 50%, enhanced deterioration of 12 the NOx emission estimations was observed (Fig. 4c) . The DA closely adjusted the simulated O 3 13 concentration to the true state, but induced additional bias to previously underestimated NOx emission. 14 Such negative DA impact on NOx emission estimation was similar to the phenomenon observed on the 15 daytime NO 2 forecast over some urban stations in the RDA experiment. From the results in Fig. 4(a-c) , In order to consider error scenarios with overestimations of NOx emission, four idealized DA 25 experiments in which NOx emission was assumed to being overestimated by 10%, 30%, 50% and 100% 26 respectively were performed. The results are shown in Fig. 5(a-d) . In the first three experiments with 27 10%, 30% and 50% overestimations of the a priori NOx emission, the DA worked well and 28 significantly reduced the biases of the emission. In the fourth experiment with the largest bias in the a 29 priori emission estimation, the DA enhanced the bias of the emission estimation in daytime. Thesemixed DA effects under different biases of the a priori emission estimation are similar to those 1 observed in previous idealized experiments conducted with underestimate scenarios. Both 2 underestimate and overestimate scenarios clearly confirm the mixed effects of the DA. 3
Note that above IDA experiments do not consider the complex model errors (e.g., errors in 4 boundary layer or transport modeling). In the real case, model errors exist, and the DA scheme needs 5 to properly quantify model uncertainties and deal with the nonlinearity between assimilated 6 observations and adjusted variables simultaneously. Model errors may affect the results of the real DA. 7
Thus, in order to investigate the DA performance of adjusting NOx emissions under the presence of 8 biases on other factors, we assumed that the NO 2 photolysis rate was overestimated by 20% in the 9 idealized box modeling, since the errors of the NO 2 photolysis rates were found to be the top five 10 uncertainty sources of ozone modeling over Beijing and surrounding areas during the Beijing Olympic 11
Games (Tang et al., 2010a). 12
Firstly, we were blind to the bias of the simulated NO 2 photolysis rate, so that no perturbation was 13 operated on it in the DA experiment. The NOx emission was adjusted in the same way as the 14 above-idealized experiments. Fig. 6a displays the results of the DA experiment under the error 15 scenario of 30% overestimation in the a priori NOx emission. The DA corrected the NOx emission, but 16 led to an underestimation of the emission. This over-correction of NOx emission by the DA could be 17 associated with the bias in simulated NO 2 photolysis rate. Therefore, in the second experiment (Fig.  18   6b) , we considered the uncertainty of the simulated NO 2 photolysis rate and perturbed the NO 2 19 photolysis rate in the DA. The error scenario was the same as in the first experiment. Under that 20 condition, the DA performed better than that of the first experiment, without over-correction of NOx 21 emission. The results of above experiments suggest that considering the model errors is crucial for the 22 assimilation performance; otherwise the DA leads to over-correction to the state variable. In order to 23 deal with this issue, simulated NO 2 photolysis rates and vertical diffusion coefficients (considered as 24 the key uncertainty sources of the O 3 modeling) were perturbed to account their uncertainties into the 25 real DA experiment. The third DA experiment is quite similar to the second one, but we increased the 26 bias of the a priori NOx emission to 100% overestimation. The results are shown in Fig. 6c . Under 27 large bias in the a priori NOx emission, the DA deteriorated NOx emission estimation. In short, in 28 sight of considering the influence of the model errors, the limitations of the DA method in dealing with 29
To The results of the data assimilation experiments revealed mixed effects of the cross-variable 24 assimilation with the EnKF. The DA worked properly in improving the NO 2 forecasts and optimizing 25 the NOx emissions in night and morning when the uncertainties of O 3 concentrations were almost 26 linearized to those of NOx emissions. During daytime, the data assimilation resulted in positive DA 27 impacts on NO 2 forecasts over some urban sites, negative over other urban sites and weak impacts 28 over suburban sites. Through idealized DA experiments, the mixed effects were found to be strongly 29 associated with the difficulty in dealing with highly nonlinear DA problem especially under large 1 model biases. 
